Light-Emitting Diodes from Partially Conjugated Poly(\u3ci\u3ep\u3c/i\u3e-phenylene vinylene) by Zhang, C. et al.
Light-emitting diodesdes from  partiallytially conjugatedjugated poly(p-phenylene vinylene)ylene)light-emitting 	 ly@-phenylen  
C.. Zhang,, D.. Braun,, and A.. J.. Heeger 
Institute for Polymerss and Organic Solids, University off Californiaf rnia at  Santa  Barbara,, Santa  Barbara,,1~1s itute,ir u  i&gunk oli  u t  
California 93106k Ebi)rt i  BICM 
We  reportrt the  effectf  of  conversionn conditionstions on  the  device  characteristicsristics of  poly (p-phenylene 
vinylene)lene) (PPV) light-emittingt-emitting diodes. Botht  electroluminescencel lu inescence and  photoluminescencelu inescence 
(p-phenylene 
CPPY) 
intensitiessities decrease withth increasinge ing degree of  conversion.sion. Partialial cDnjugation enhances the  
electroluminescencelu inescence intensitysity and  gives an efficiency  (withith Ca  as electron-injectingn-injecting contact)tact) as 
high  as 0.75%  photonst ns per  electron,, aboutt two  orderss of  magnitudeitude morere efficientie t than  from  
onjugation 
similarilar devices preparedred from  fullyly convertedrted PPY. The  results  of  constantt currentrent stress 
PPV room  
V. 
measurementse ts suggestt thatt the  partiallyia ly conjugatedgated Y diode  is relativelyely stable  at 
temperature.rature. 
I. INTRODUCTIONODUCTION	 intermedi-throughugh polymerizationerization of  the  sulphoniumnium salt  edi­
ate. We  carriedied out  the  polymerizationerization in  waterr in  theInitialitial resultsts from  semiconductingnducting polymersers em­- presence  of  base underr nitrogentrogen flow  and,  afterr termina­ina-ployeded in  light-emittinght-emitting diodes  (LEDs) have demonstratednstrated. .  tion,, dialysedse  the  reactionion mixturexture against  distilledi led water..variousious colorsrs (red,, yellow, green, and  blue)e) with impres­l l 	 it.  res-
Thee solventt was removeded and  the  precursorrsor polymerer redis­-sive etliciency, brightness,htness, and  uniformity.l~l1 Flexibleibleffi i , 	 iformity.’ -I  
solved  in  methanol.a ol. Forr bothth photo-t - and  electro-­light-emittinght-emitting structures,tures, whichich take  uniqueue advantageta e of  
luminescenceinescence measurementse ts thinin filmss withith threeee to  eighttthe  processingg advantageses and  mechanicalical propertieserties of  
layerss of  the  precursorrsor were  spin  coated  from  1.2%  meth­-polymers,ers, have also been fabricated.icated. [2t  
anol  solutiontion onto  suitablele substrates.. Each  precursorrsor layerPoly(p-phenylene vinylene)ylene) (PPY) was firstrst used asl C enylene V) was heated  on  a hotplatelate at  160°C for  3 minin before  the “the  light-emittinght-emitting layerer in  a light-emittinght-emitting diodee by	 Bur­r- nextt layerer was applied.e . Afterfter thermalal conversionersion at  differ­fer-rougheses et  al. 1r Thee efficiency (photonstonsfliciency emittedper injectedectedit.ted  ent  temperatures,ratures, ranginging from  160 to  300  °C, the  partiallytia ly“electron)ron) was 0.01 % in  a sandwichich device  configurationiguration of to  fullyly conjugatedjugated PPY filmss are  homogeneous,geneous, dense andV
alurninum/polymer/indium-tin ox.ide. Recently,ly, a signifi­minumr’polymer/ind um-tin ide. fi- uniformform withith green to  yellowlo  color.r.cant  increaserease in  efficiencyie  was reportedrted whene  a polymery er 
Thee LEDD structurecture consistss of  a metall contacttact (Ca)a) onwithith bothth conjugatedjugated and 	 nOllconjugated sequencesonconjugated was 
the  frontnt surfacee of  a PPV  filml  on  a glass substrate,ate, par­used  as the  light-emittingght-emitting layer..”4 Thee efficienciesie cies rises  to 	 -
tiallylly coated  withith a layerer of  indium/tin-oxideium/tin-oxide (ITO),TO), the0.8%  photons/electron withith an  electron-transportingtron-transporting layerertons/elect.ron hole-injectinge-injecting contact.tact. Electron-injectingtron-injecting calciumiu  contactstactsplaceded between  PPV  emittingting layerer and  the  negativee elec­- are  depositedted on  the  top  of  the  polymerlymer filmss by  vacuumtrode.e.”s . evaporationration at  pressure  below  4 X 10-7 Torrr yieldingelding activeex lo-’ Thinin filmsl s of  semiconductingonducting PPY are  madee by firstrstV 	 2areas of  0.1 cm’. • All l processingg steps are  carried outt in  a&dspin  castingg the  precursorrsor polymer,er, and  then  convertingerting nitrogentrogen atmosphere.s ere. Indiumdium solderer is used to  connectect(eitherther completelyletely or  partiallytia ly dependinging on  timee and  tem­- wiresires to  thee electrodes.es.perature) to  the  conjugated form  by  a thermalr al eliminationinationcrature) jugatd Spectroscopics pic measurementsents use a single-graftingle-graftingreaction.ion. 'Ve summarizearize the  resultsts off a studyy off the  effect?V monochromatornochromator (Spex  3408) withith a Photometricsto etrics CCDs)off the  conversionersion conditionsitions on  the  device  characteristicsa teristics cameraera (Tektronixektronix TK512 CCD) ) as a detector.t r. Electrolu­5 1 	 lectrolu-off LEDsDs madee withith	 PPY as the  activee luminescentinescent layer..V minescenceines e (EL) spectrara were  recordedrded whileile applyinglying a[ L)Wee findi d thatat a majorjor improvement in  electroluminescenceroluminescenceprovement. steady  currentrrent off 2.5 mAo Forr photoluminescencetoluminescence (PL) ).intensitytensity is obtainedtained whenen partiallytia ly conjugatedjugated PPV  is used  spectra,a, the  polymerlymer is excitedited withith UY lightight at  365 nm..V as thee light-emittingight-emitting layer.er. Thee efficiencyiciency is as highgh as 
0.75%  photons/electrontons/electron forr a sandwichich devicece configura­
tionon using  calciumium as thee electron-injectingtron-injecting contacttact 
figura-
III. RESULTSSULTS ANDD DISCUSSIONI CU SIONll. (calcium/PPV/indium-tin oxide).ide). Bothth 
cence  and  photoluminescencetoluminescence decrease withith increasingreasing IT0 
alcium/PPV/indium-tin 	 electrolumines-1ectrolumines­
Thee forwardr ard bias  currentrrent is obtainedtained whene  the  O 
conjugationjugation length.th. Thehe partiallytially conjugatedjugated PPV  LEDsEDs electrodetrode is positivelytively biased  and  thee Ca  electrodetrode 
are  quiteite stablele at  roomo  temperature.perature. grounded.unded. Figureigure 2  showss thee currentrrent and  lightight intensitytensity 
versuss s voltageltage characteristicsracteristics measurede red fromro  a partiallytia ly 
conjugatedjugated PPV  deviceice in  whichhich thee PPY precursorecursor wasVil.II. EXPERIMENTALPERIMENTAL DETAILSTAILS heated  at  160°C forr 2  h. Thehe forwardrward currentrrent increasesreas  
PPV withith increasingcreasing forwardr ard biasas voltageltage and  thee reverses  biasas 
 “  
ll Y wasa  synthesized,t esized, as shownn in  Fig.. 1, viaia a solutiontion 
processablecess le precursorecursor polymerlymer in  thee formrm off a tetrahy-trahy­ currentrrent remainsains small;l; thee rectificationtification ratiotio is in  thee range  
polytlectrolyte. l3 102_103• Lightight emissionission firstirst becomes  visibleisible at  a bias  offdrothiopheniumthiophenium lyelectrolyte. 13 Thisis precursorecursor polymerlymer lo’-103. 
convenientlyeniently preparede ared fromro  a,a’'-dichloro-p-xylene,dichloro-p-xylene, is .-is	 justust underer 10 V  at  whichhich pointint thee currentrrent densityty s 100 
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FIG. . 1.. Syntheticetic routete to partiallyia ly and fullyl  conjugatedate  PPV.. 
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FIG.. 2.	 Currentrrent and  lightht emission  vs voltageta e plotsts for  a partiallyia ly con­-
jugatedated (conversionersion condition:ition: 160·C forr 2 h)  PPY diode,  (Ca/PPY/ 
ITO).O). 
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FIG.FI . 3.3. Emittingitting lightlight intensityintensity recordedrecorded byby calibratedcalibrated SiSi photodiodephotodiode vsvs 
currentcurrent followingfollo ing throughthrough PPY LEDss (Ca/PPY/ITO) preparedprepared atat dif­
ferentfere t conversionc ersi  conditions.c itions. 
PPV ( a/PPV,‘ITO) dif-
j.l.A/cm1. Aboveove 14 V  (4(  mA/cm2 ), thet e greenree  lightli ht emis­
sionsi  isis visibleisi le underer normalr al laboratoryla ratory lighting.li hting. 
Figureigure 33 comparesco pares thethe emissione ission intensityintensity dependencedependence 
,uA/cm”. /cm*), 	 e is-
on  currentc rrent forPPV devicese ices preparedre are  underer differentifferent con­for P  	 c.on-
versionersi  conditions.c itions. Thee emissione issi  intensitiesi te sities increasei crease lin­lin-
earlyearl  withith increasingi creasi  injectedi jecte  currents.c rrents. Thee highesti est emis­
sionsi  intensitiesi t sities arer  obtainedt i e  fromfr  thet  devicei  ini  whichich PPV  
e is-
wasas convertedc erted atat 160·e forf r 2 h.. Ass conversionc ersion tempera­160 “C 	 te pera-
turet re increases,i creases, fromfr  160 tot  300 °C, thet e emittede itted lightli ht inten­
sitysit  becomesec es weaker.ea er. 
Figureigure 44 showssho s thethe emissione ission efficiencyefficiency dependencedependence onon 
conversionc ersion temperaturete erature forf r PPV  devicese ices preparedre are  underer 
“ , 	 inten-
differentifferent conditions.c itions. Thee efficiencyefficie c  increasesi creases withith increas­
ingi  conversionc ersion temperaturete erature whene  thet e temperaturete erature isis belowel  
increas-
160·C. Whene  thet e conversionc ersion temperaturete erature isis abovea e 160 ·e,160 “ . 	 OC, 
thet e efficiencyefficie c  decreasesecreases withith increasingi creasi g conversionc ersion temper­te per-
ature.at re. Thee efficiency.is asas highi  asas 0.75%.  photonst ns perer elec­
trontr n forf r thet  devicee ice ini  whichich thet e PPV  light-emittingli ht-emitting layerla er 
efficiency is 	 elec-
wasas convertedc erted atat 160·e forf r 2 h.. Thee efficienciesefficie cies off devicese ices160 “C 
preparedre are  atat conversionc ersion temperaturete erature off 300  ·C forf r 20 h ini  
vacuumac  areare 0.003%.  anda  lower.l er. Thee efficiencyefficie c  off thet e devicee ice 
“  
preparedre are  att 160·C forf r 2 h isis abouta t 250 timesti es greaterreater thant a160 “  
thatt at atat 300 °e forf r 20 h,, anda  10 timesti es greaterreater thant a  thatt at off“C 
140 °Cfor 2 h.. Brownr n etet al. reportedre rted thatt at thet e efficiencyefficie c  wasas“  for uZ. 
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FIG.I . 5.. Room-temperature-te perature absorptions r ti  spectras tr  off PPV  thint in filmsfil s preparedr r  
att differentifferent conversionrsi  conditions.itions. 
0.1 % forr a sandwichi  devicei  configurationiguration of  a calciuml.  	 lcium/ 
PPVlITO.5 Thatat efficiency is much  higherer than  our  device41T0.5 
preparede  att 300 "C for  20 h ini  vacuum,, butt closel  tot  thatt t 
prepared  att 210 ·C“  forr 2 h ini  nitrogenitr gen (0.06%).. 6 ). The  dif­
“ ! 
if-
prepara-ference couldl  resultlt from  reactionti  conditionsitions forr ­
tionti n of  thet  monomero er andlor thet  precursorrs r polymer,l er, and/or 
the  detailss of  the  device fabricationication conditions, 
Thee absorptionion spectra  of  PPV  obtainede  at  differentfere t 
itions. 
conversion  temperatureerature are shown  in  Fig.. 5.. Ass the  con­
versioni  temperaturet erature increases,i , thet  band  gap shiftsi ts tot  lowerl er 
-
energy,, implyinglying thatt the  conjugationation lengtht  of  PPV  in­
creasess withith increasingi i  conversioni  temperature.t rature. 
i -
Figuresi res 6  and  7  show  room-temperature-temperature electrolumi­
nescencece (EL)) and  photoluminescencet lu inescence (PL)) spectrat  of  
PPV  prepared  at  differentferent conversion  temperatures.t res. The  
l tr lu i-
EL yieldl  decreasesses withith increasing  conjugationgation length.. The  
highestest efficiency  EL  was obtainede  from  PPV  convertedt  at  
,L 
160 "C for  2 h,, thet  lowestl e t EL  from  PPV  convertedte  att°  
300  "C forr 20  h ini  vacuum,, ini  agreementt withith thet  decreasee“  
ini  PL  intensity as thet  conjugationj gation lengthl t  increases.i . 14 Thus,s,
i t sit.  ‘” 

thet  EL  and  PL  botht  decreasee ini  intensityi t ity as thet  conjuga­

tion  lengtht  increases.. One  explanationtion proposed  for  this 
 
resultt was thatt an increase in  conjugationgation lengthth leads to  a
 
largerl r excitationitation mobilityility resultinglting ini  more  rapidi  motiontion
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FIG.. 7. Room-temperature-te perature photoluminescenceinesce ce spectra of  PPV  thinn films 
prepared  at  differentfere t conversion  conditions.tions. 
and  greater  possibilitylity of  interactions. e.g., withith quenchinggt ra tions, 
sites,, thatt lead to  nonradiativeiative decay.3 Because the  PL  and  
EL  spectra  reportedte  to  date  are virtuallyrtua ly identical,ical, itt is 
believed thatt the  same excited  states give rise to  both  PL  
3 
and  EL  emission. 1,7 
The  data  of  Figs. 6  and  7  confirmir  thatt the  PL  and  EL  
botht  cover  the  same energy range, and  that  they  exhibitit 
i i . *7 
similarilar vibronicronic features.. Nevertheless,t ele  they  are not  pre­
cisely identical.ical. Althoughlthough botht  decreasee in  intensityty withith 
-
increasing  conjugationgation length,, the  PL  of  differentferent conjuga­
tionn lengths  are almostst identicaltical in  peak positionss and  
shapes.s. Thisis differencefere  is nott fullyly understood,, butt it  is 
likelyely thatt differentferent emission  centers dominateinate the  PL  and  
-
EL  spectra. Photogeneratede erated emission  does not  rely  on  car­-
rierer mobilityility in  the  sensese thatt excitationst tions generated in  por­
tionss of  the  film  withith low  mobilityility can contributetribute to the  
emission. In  fact, such  regions of  the  film  mightht dominateinate 
the  PL  because of  enhanced nonradiativea iative recombinationination in 
high  mobilityility regions, as noted  above.. Forr EL,, oppositelyt  
charged  carriersers mustst move  sufficientlyie tly close thatt they  can 
recombineine radiatively,i ely, so the  EL  spectra  mightight be more  
-
characteristicistic of  the  regions of  the  film  withith higherer mobil­
ity.. Since the  longer  conjugatedate  segments should  have 
il-
higherer mobility,ility, they  wouldld producece the  observed EL  be­-
havior. 
The  effect  of  self-absorptiontion should  considered. 
ior. 
be .
These PL  measurements  use thin  filmss illuminatedluminated from  
the  same side of  the  filml  as the  detector;; so carriersrs are 
generated throughoutughout the  sample, and  self-absorptionl tion is 
minimal.i al. The  EL  emission  requires  thatt carrierier injectedte  
from  oppositet  electrode  recombine.. Iff asymmetrictric injectiontion 
leads to  morere EL emission  on  one side of  the  sample  than  
the  other,, the  effect of  self-absorptionl tion wouldld act  to  enhance 
or  diminishinish the  highest-energy  features, near  the  onset of  
.
the  absorptionion band.  Thatat the  highest-energy  (zero pho­
non)) peaks in  the  EL  spectra  are strongerr than  those in the  
PL  spectra  suggeststs thatt there  is lesss self-absorptiontion in  the  
EL  than  the  PL.. Reduced self-absorptiontion wouldld indicateicate 
[  -
thatt the  EL  emission  prefers  the  frontt surface of  the  film,,
FIG. . 6.. Room-t.empcmture electroluminescencel t l ines  intensit.y vs photont n en­-temper&are 	 i t ity -
whichich is the  edge near  the  ITO electrode,  and  wouldld implyly0ergyr  forf r PPV  devicesi s (Ca/PPVlITO) preparedr r  att differentifferent conversionrsi~ / /ITO) 
conditions.itions.	 thatt the  ITO/PPV interfaceface dominatesinates carrierier injection.tion.O,P V 
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FIG.FIG. Y.8. EmittingE itting lightlight intensityintensity (solid)(solid) andandbiasbias voltagevoltage (dashed)(dashed) vsvs timeti e 
of a “C, 2of a partiallypartially conjugatedconjugated PPVPP  devicedevice (conversion(conversion condition:condition: 160160 ' , 2 h)h) 
atat constantconstant currentcurrent inin a drydry box:box: lowerlo er curves,curves, 0.10.1 rnA; upperupper curves,curves,a mA; 
I rnA.1 mA. 
ItIt wasas foundfound thatthat LEDsEDs preparedprepared fromfro  partiallypartially con-
jugatedjugated PPV  wereere quitequite stablestable atat roomroo  temperature.te perature. Figureigure 
88 showssho s stabilitystability datadata ofofaa partiallypartially conjugatedconjugated PPV  devicedevice 
con-
preparedprepared atat l60"C. Thehe emittede itted lightlight intensityintensity andand biasbias160 “ . 
voltagevoltage wereere recordedrecorded asas aa functionfunction ofof timeti e atat 0.10.1 andand 1.01.O 
mA  constantconstant current.current. Thehe brightnessbrightness dropsdrops byby onlyonly aa fac-
tortor ofof 33 oror 4,4, andand thethe devicedevice allowsallo s stablestable operationoperation forfor 1414 
hh inin nitrogennitrogen drydry box.box. Becauseecause thethe partiallypartially convertedconverted PPV  
isis thermodynamicallyther odynamically unstable,unstable, tendingtending towardto ard thethe fullyfully 
conjugatedconjugated form,for , thethe performanceperfor ance off devicesdevices madeade fromfro  
thethe partiallypartially convertedconverted materialsaterials wouldould bebe expectedexpected toto 
graduallygradually diminishdi inish overover time.ti e. Thehe conversionconversion is,is, however,ho ever, 
relativelyrelati ely gradual;ra al; afterafter fourf r monthsths storagest ra e ini  aa nitrogenitrogen 
drydry box,box, thethe specificspecific devicedevice withith characteristicscharacteristics shownsho n inin 
Figs.igs. 22 andand 33 wasas remeasured.re easured. Thehe currentcurrent versusversus voltagevoltage 
characteristicscharacteristics showedsho ed aa dropdrop inin currentcurrent byby aboutabout aa factorfactor 
off 33 atat anyany givengiven bias,bias, andand thethe efficiencyefficiency ofof lightlight outputoutput hadhad 
droppeddropped inin half.half. 
InI  conclusion,c cl si , relativelyrelati ely highi  efficiencyefficie c  LEDss wereere 
madeade byby usingusing partiallypartially conjugatedconjugated PPV  asas thethe light-light-
fac-
emittinge itting layer.layer. Bothoth thethe electroluminescenceelectroluminescenceandand thethe pho-
toluminscencetoluminscencedecreasedecre withithincreasingincreasingconjugationconjugation length.length. 
pho-
Constantonstant currentcu rent stressstres  measurementseas re ents shows  thatthat thethe par-par-
tiallytia ly conjugatedconjugated PPVPP  devicede ice isis quitequite stablesta le atat roomroo  tem-
perature.perature. 
te -
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